Although the association between body mass index (BMI) and overall survival (OS) has been reported in leukemia patients of different ages, whether BMI levels at different stages of hematopoietic stem cell transplantation (HSCT) have different effects on postoperative survival remains controversial. We searched four electronic databases from inception through July 2017 without any language restrictions and included studies on different types of hematological malignancies reporting both BMI time points and HSCT. Of the 1420 articles identified, 26 articles were eligible for inclusion in this meta-analysis. Three weight groups (obese, overweight and underweight) were individually compared with the normal group. Summary risk estimates for OS and event-free survival (EFS) were calculated with random-or fixed-effects models. For BMI at the pre-HSCT stage, a statistically significant positive association of increased risk of OS (RR: 1.17; 95% CI: 1.08-1.27) and EFS (RR: 1.29; 95% CI: 1-1.67) was identified in underweight individuals compared with those with normal weights. For BMI in the HSCT stage, a lower BMI was significantly associated with poorer OS (RR: 1.34; 95% CI: 1.01-1.78) and EFS (RR: 1.53; 95% CI: 1.09-2.06) compared with a normal BMI. Our results indicated that lower BMI at the pre-HSCT stage or during HSCT is associated with poorer survival.
Introduction
Although hematopoietic stem cell transplantation (HSCT) is an aggressive therapeutic procedure [1] with a high risk of toxicity and complications, mainly occurring in the gastrointestinal tract [2] , it is still the treatment of choice to cure various hematological diseases. Both high-dose chemoradiotherapy and damage to the gastrointestinal tract limit oral intake to a great extent and cause the malabsorption of nutrients, thus compromising a patient's nutritional status [3] . Conversely, malnourished patients have significantly worse outcomes than well-nourished patients with hematological malignancies [4] . Furthermore, delayed wound healing, a reduced rate of drug metabolism, and impairment of physical and cognitive functions have been reported in malnourished patients [5] .
Body mass index (BMI) is frequently used to define nutrition status and explore its association with the risk of mortality [6, 7] . In hematological malignancies, studies have repeatedly revealed that patients with a high BMI have a higher risk of death than those with a low BMI [6, 8, 9] . However, multiple analyses from international consortia have reported inconsistent associations between high BMI and survival [10] [11] [12] [13] [14] [15] . Recently, some researchers attempted to reconcile these differences via meta-analyses [7] [8] [9] [16] [17] [18] . However, these studies ignored the time point for BMI testing when they extracted the data of interest. BMI in different periods is likely to have different effects on the survival of patients with relevant therapeutic operations. Given that finding, in clinical settings, HSCT is usually considered to be the watershed of the entire therapeutic procedure. This raises the question of whether BMI in different transplantation periods may have different effects on overall survival (OS). To reconcile this uncertainty, in this study, we only included articles that were related to both precise BMI time points and HSCT operations. Meanwhile, the time points at which BMI was measured (e.g., pre-HSCT, during HSCT and post-HSCT) were extracted and served as the classification standard.
Patients and methods

Search strategy
Our methodology followed the guidelines of the Preferred Reporting Items for Systematic Reviews and Meta-Analysis (PRISMA) [19] . We systematically searched PubMed, Embase, Ovid Medline and the Cochrane Library to identify studies that investigated BMI and outcomes in patients with hematological malignancies, who were undergoing HSCT, from inception through July 2017. We limited this literature search to articles published in peer-reviewed journals. Our search strategies are included in the Supplemental Table 1 .
Eligibility criteria
In this study, we retained studies that reported on subjects diagnosed with hematological malignancies who were treated with an HSCT that reported the effect of weight on treatment outcomes, particularly OS and event-free survival (EFS). If the HSCT did not cover all enrolled patients, the study was excluded from our meta-analysis. Case reports, reviews, editorials, conference abstracts and studies related to animal models or drug therapy were excluded (Fig. 1 ).
Data extraction
For each included reference, the following information was extracted by two independent investigators: (a) Basic information of the article: country of publication, year, name of first author, research type, quality score and study period; (b) Subject characteristics: gender, age, hematological malignancies, subject number, transplantation type, weight category, median follow-up time, outcomes, adjustments for bias and the time point of BMI data collection; and (c) Statistical data: effect estimates and 95% confidence intervals (CIs). Fig. 1 Flow of the search strategy Impact of body mass index at different transplantation stages on postoperative outcomes in patients. . . Table 1 ). The remaining studies used different criteria according to either percentile of BMI [34] [35] [36] [37] [38] [39] , percentage of weight loss [40, 41] or percentage of ideal body weight (BW) [42, 43] , and each of these studies is different from the others. We noted that only one study [26] included children <2 years of age, in whom normative values for BMI were not available.
Weight category
Statistical analysis
Summary measures of association (i.e., relative risks, RRs) and 95% CIs were used to evaluate the impact of BMI values that were measured at different time points of HSCT on clinical outcomes. When RRs according to both multivariate and univariate analyses were reported, we only used the value in the multivariate analysis. If measures of association were not presented in the article, RRs and 95% CIs were calculated with the use of reported crude frequencies. Statistical heterogeneity of study effect estimates was calculated using Cochran's Q test and quantified with the I 2 statistic [44] . We considered low, moderate and high degrees of heterogeneity to be I 2 statistic <25%, 25-50% and ≥50%, respectively. A "leaveone-out" sensitivity analysis was used to evaluate the influence of a particular study on the overall estimates. The quality of literature was assessed using the modified NIH Quality Assessment Tool for Observational Cohort [9] (Supplemental Table 2 ). Publication bias was assessed using Egger's tests. All statistical analyses were performed using STATA version 12.0 (State Corporation, College Station, TX, USA). All reported probabilities (p-value) were two sided.
Results
Search descriptions
In total, 1415 articles were identified, and an additional 5 articles were found through Google Scholar and citations of White (2012) Apleno (2014) Apleno (2014) Fuji (2014) Fuji (2014) Gleimer (2015) Gleimer ( (Fig. 1) . After excluding duplicates, 1133 reports were removed by two authors via screening the titles and abstracts. Among the 84 full-text studies that were reviewed, we excluded 12 animal studies, 12 conference abstracts, 8 case reports, 13 reviews, 8 studies that reported that not all subjects underwent HSCT, and an additional 5 references that included patients who were diagnosed with diseases other than hematological malignancies. Finally, 26 studies were identified according to the eligibility criteria and included in this meta-analysis. Assessment of the modified NIH quality score (correction of bias was added) for the included literature revealed that 69.2% of the reports had fair to high quality (≥11/17, modified scoring in reference to NIH scores ≥9/14; Supplemental Table 2 ). These studies included a total of 32,683 patients with HSCT from 1977 to 2014 (Table 1) . Six studies, including a total of 11,720 cases, reported the association between BMI at the time of HSCT and outcomes [14, 20-22, 36, 40] . Only one study (145 subjects) investigated the effect of weight loss after HSCT on outcomes [41] . The rest of the studies included 20,818 subjects and evaluated pre-HSCT BMI and outcomes [15, 23-35, 37-39, 42, 43] .
Effects of pre-HSCT BMI values on outcomes
Eighteen studies assessed the contribution of pre-HSCT BMI values to outcomes ( Table 1 ). The majority (14) of the studies classified patients into four weight groups (underweight, normal, overweight and obese) based on BMI.
Three studies compared the effects of a higher BMI with a lower BMI on outcomes of interest. Only one study reported the association of weight loss with clinical outcomes. Thirteen studies were included in the summary estimate of OS. A statistically significant positive association of increased risk of mortality (OS random-effects RR: 1.17; 95% CI: 1.08-1.27; I 2 = 0%) was identified in underweight individuals compared with those of normal weight (Fig. 2) . The risk of death decreases with increasing BMI. Interestingly, there were no significant associations of risk of mortality in overweight (OS random-effects RR: 0.99; 95% CI: 0.84-1.17; I 2 = 64%) or obese (OS randomeffects RR: 0.90; 95% CI: 0.73-1.12; I 2 = 70.6%) patients compared with those with normal BMI (Fig. 2) . High degrees of heterogeneity were observed for OS in both the overweight and obese groups. The sensitivity analysis, performed by omitting one study at a time, showed that omitting the study by G. Meloni et al. [33] from 11 studies generated a lower heterogeneity (Supplemental Table 3 ), whereas the omission of the other studies had no substantial influence on the heterogeneity. Visual examination of the funnel plots and an Egger's test for study effects revealed no evidence of publication bias (OS: under vs. normal p = 0.977; over vs. normal p = 0.238; obese vs. normal p = 0.394). Pine (2011) Pine (2011) Hadjibabaie (2012) Hadjibabaie (2012) Sucak (2012) Sucak (2012) Sucak (2012) Hoffmeister ( Similar results were found in the analyses of the studies reporting EFS (n = 6). There was a tendency for patients with a lower BMI before transplantation to have a poorer EFS (EFS random-effects RR: 1.29; 95% CI: 0.96-1.72; I 2 = 17.8%, Fig. 3) . No significant between-study heterogeneity was found. A statistically significant association was found when a fixed-effects model was used (EFS fixedeffects RR: 1.29; 95% CI: 1-1.67; I 2 = 17.8%). With an increase in BMI, there was a tendency for patients to show improved EFS (EFS random-effects, over vs. normal: 0.91; 95% CI: 0.66-1.25; I 2 = 63.8%; EFS random effects, obese vs. normal: 0.74; 95% CI: 0.42-1.27; I 2 = 74.4%) to a certain extent (Fig. 3) . No obvious publication bias was found using Egger's test (EFS: under vs. normal p = 0.411; over vs. normal p = 0.325; obese vs. normal p = 0.968).
Effects of during HSCT BMI values on outcomes
Six studies evaluated the associations between the levels of BMI at transplantation and outcomes of interest (Table 1) . Only one study compared the effect of a higher BMI with a lower BMI on outcomes of interest. The remainder reported on either underweight, overweight or obese compared with normal weight. Similar findings were observed in analyses reporting on underweight patients, defined using BMI values at the time of transplantation, which showed a positive association of BMI with an increased risk of mortality (OS random-effects RR: 1.34; 95% CI: 1.01-1.78; I 2 = 60.3%) in those with a lower BMI compared with those with a normal BMI (Fig. 4) . Interestingly, a statistically significant association was found in patients with a higher BMI (overweight) at transplantation and a decreased risk of mortality (OS random-effects RR: 0.93; 95% CI: 0.87-0.98; I 2 = 12.5%, Fig. 4) . No significant association was found for the risk of mortality in obese patients (OS randomeffects RR: 0.92; 95% CI: 0.77-1.10; I 2 = 73.1%, Fig. 4 ). Egger's test for small-study effects revealed no evidence of publication bias (over vs. normal p = 0.298; under vs. normal p = 0.735; obese vs. normal p = 0.882).
Three studies reported an association between BMI at the time of transplantation and EFS (Table 1) . Only two articles provided the data of EFS for patients who were underweight. Pooled estimates were calculated using a randomeffects model (EFS random-effects RR: 1.50; 95% CI: 1.09-2.06; I 2 = 30.6%, Fig. 5 ). Lower BMI (underweight) at the time of transplantation was also associated with poorer EFS. Inversely, our data indicated that EFS can be improved in patients with higher BMI values (overweight, EFS random-effects RR: 0.91; 95% CI: 0.85-0.98; I 2 = 0%, Fig. 4 ). However, this association was not observed in obese patients (EFS random-effects RR: 0.85; 95% CI: 0.72-1.01; I 2 = 43.4%, Fig. 4 ). Egger's test revealed no evidence of publication bias (overweight vs. normal p = 0.412; obese vs. normal p = 0.191). Navarro (2006) Navarro (2006) Barker ( 
Effects of post-HSCT BMI values on outcomes
To date, the post-HSCT course of BMI and its effect on the outcome of transplantation have not been well studied. Based on our eligibility criteria, we only found one reference that reported an association of post-HSCT BMI and outcomes of interest [41] .
Stratification analysis for weight classification
Because the majority (42.3%) of included studies adopted the WHO standard and because each of the remaining studies is different from the others, we used the data from references that adopted the WHO standard to obtain a pooled estimate of the RR. The pre-HSCT stage exhibited a positive association of increased risk of mortality (OS random-effects RR: 1.17; 95% CI: 1.07-1.28; I 2 = 0%, Supplemental Fig. 1 ) in underweight individuals compared with that in normal weight individuals. Only one study was included in the comparison of the EFS of underweight and normal weight individuals. Although no significant associations were found regarding the risk of mortality in overweight or obese patients compared with that in individuals with a normal BMI, the heterogeneities were significantly decreased (overweight vs. normal: OS from 64 to 43.7%, EFS from 63.8 to 0%; obese vs. normal: OS from 70.6 to 0%, EFS from 74.4 to 0%; Supplemental Figs. 1 and 2) when we conducted stratification analyses. During the HSCT period, we observed a positive association of BMI with an increased risk of mortality (OS random-effects RR: 1.43; 95% CI: 1.04-1.97; I 2 = 61.9%) in individuals with a lower BMI (underweight) compared with that in individuals with a normal BMI. A statistically significant association was also found for patients with a higher BMI (overweight) at transplantation and a decreased risk of mortality (OS random-effects RR: 0.92; 95% CI: 0.87-0.98; I 2 = 12.7%, Supplemental Fig. 3) . No significant association was found for the risk of mortality in obese patients (OS randomeffects RR: 0.99; 95% CI: 0.87-1.13; I 2 = 23.6%, Supplemental Fig. 3 ). Regarding EFS, the studies used for both the original analysis and the stratification analysis showed consistent results.
Stratification analysis for age
Given that the included references did not clearly distinguish age periods, we divided the studies into a pediatric group (2-17 years of age) and an adult group (>17 years of 
Heterogeneity, sensitivity analysis
High degrees of heterogeneity were observed in some subgroups when we compared RRs for OS and EFS. A sensitivity analysis, performed by omitting one study at a time, showed that omitting the study by Meloni et al. from the included studies generated a lower heterogeneity in the pre-HSCT stage (OS: overweight vs. normal I 2 = 45.3%; obese vs. normal I 2 = 43.4%; EFS: overweight vs. normal I 2 = 0%, Supplemental Table 3 ). Contrarily, omitting Meloni et al. from four studies that evaluated EFS had no substantial influence on the original pooled RRs in the group of obese vs. normal before transplantation (Supplemental Table 3 ). For during HSCT results, the study by Navarro et al. was a major source of heterogeneity for OS in the group of obese vs. normal patients (new pooled I 2 = 0%, Supplemental Table 3 ). Omitting an unrelated allogeneic cohort in the study by Navarro et al. presented a lower heterogeneity in the group of underweight vs. normal patients (new pooled I 2 = 37%, Supplemental Table 3 ). 
Discussion
This meta-analysis included 18 adolescent studies and 6 pediatric studies. Two articles did not distinguish the pediatric patients from adolescents with hematological malignancies [22, 43] . McClune et al. observed that transplantation toxicity, relapse and OS for older adults were not significantly different than those for younger adults undergoing a similar HSCT [45] . When the analysis was stratified by age, we also observed no statistically significant interaction between the pediatric and adult groups, regardless of transplantation stages (Table 2) . Therefore, age was not included in the inclusion criteria in this transplantationrelated meta-analysis. Additionally, it was impossible to analyze the differences between the four weight groups for the outcomes of interest because the identified studies did not provide sufficient data. To reconcile this contradiction, we only compared the effect of abnormal BMI (underweight, overweight and obese) with normal BMI on outcomes of interest. Before transplantation (pre-HSCT), we observed worse OS and EFS in patients with a lower BMI than in those with a normal BMI (Figs. 2 and 3) . With the increase in BMI, the risk of mortality after transplantation showed a decreasing trend (Figs. 2 and 3) . There are several possible explanations. Normally, patients with a lower BMI exhibit a lower tolerance to a series of therapeutic treatments, such as radiotherapy and myeloablative chemotherapy, before HSCT, thus resulting in a higher rate of mortality. Furthermore, lower BMI may reflect the presence of more aggressive disease, causing a greater degree of physiological derangement. It is also possible that patient selection bias may influence these findings. Data are not available for patients who did not undergo transplantation. Similar findings were observed in the analyses of OS and EFS, with a positive association of an increased risk of mortality in those with a lower BMI measured at the time of transplantation compared with those with a normal BMI. There is generally a survival disadvantage for both overweight and underweight patients with hematological malignancies. However, our data contradict this conventional viewpoint. In this study, better OS was experienced by the overweight or obese patients compared with the underweight patients. When taking transplantation into consideration, patients with a higher BMI may be likely to have more advantages in tolerance to transplantation-related therapy. Notably, the introduction of reduced intensity conditioning (RIC) has expanded the recipient pool for transplantation, which has made transplant an option for older individuals and those with more severe conditions and is thought to decrease the risk of early morbidity [46] . The effect of treatment-related factors on mortality was greater than that of malnutritionrelated factors. However, malnutrition can exacerbate the risk of death under the same conditions [6, 8, 9, 47, 48] . In this study, both myeloablative conditioning (MAC) and RIC regimens can be found in the included references. Given that none of the studies have a specific distinction between MAC and RIC, we cannot perform a metaregression analysis to evaluate the effects of these two regimens on the overall outcomes.
To address whether BMI in different transplantation periods may have different effects on OS, we only considered two main factors for transplantation and BMI time points to perform this meta-analysis. Correspondingly, there were several limitations. First, it is difficult to normalize the weight classification standard because the identified studies did not provide detailed information about individual BMI values. Therefore, we used their own weight classifications to conduct the analysis. To evaluate whether different weight classification standards affected the combined estimate results, we performed a subgroup analysis. The results of the subgroup analysis (Supplemental Figs. 1, 2 and 3) of studies adopting the WHO standard are consistent with previous analyses using combined weight classification standards (Figs. 2, 3 and 4) . Thus, two conclusions can be drawn: (1) In this study, different weight classification criteria did not have a significant effect on the pooled RR estimate. (2) Our findings apply to an HSCT cohort using the WHO weight classification standard. Second, the inclusion and pooling of such varied hematological malignancies conditions are likely to introduce heterogeneity. Initially, we attempted to incorporate limitations of the type of hematological malignancy into our search strategy. However, the references were not sufficient to conduct this meta-analysis, which did not allow us to focus on a specific type of hematological malignancy. Additionally, we also attempted to segregate references into several hematological malignancy subgroups according to the WHO Classification of Tumours of Haematopoietic and Lymphoid Tissues" by Swerdlow, et al. Similarly, we could not obtain specific data on each identified disease.
In summary, our study indicated that patients who are underweight at the pre-HSCT stage or during HSCT have significantly poorer outcomes. With the increase in related studies involving a single type of hematological malignancy, a comprehensive meta-analysis focused on BMIs at different stages of HSCT is warranted.
